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Community production modulates coral reef pH and the
sensitivity of ecosystem calcification to ocean acidification
Thomas M. DeCarlo1,2 , Anne L. Cohen3 , George T. F. Wong4,5, Fuh-Kwo Shiah5,
Steven J. Lentz3 , Kristen A. Davis6, Kathryn E. F. Shamberger7, and Pat Lohmann3
1
Massachusetts Institute of Technology and Woods Hole Oceanographic Institution Joint Program in Oceanography/
Applied Ocean Science and Engineering, Woods Hole, Massachusetts, USA, 2Now at School of Earth and Environment, The
University of Western Australia, Crawley, Australia, 3Woods Hole Oceanographic Institution, Woods Hole, Massachusetts,
USA, 4Department of Ocean, Earth and Atmospheric Sciences, Old Dominion University, Norfolk, Virginia, USA, 5Research
Center for Environmental Changes, Academia Sinica, Taipei, Taiwan, 6University of California Irvine, Irvine, California, USA,
7
Texas A&M University, College Station, Texas, USA

Abstract Coral reefs are built of calcium carbonate (CaCO3) produced biogenically by a diversity of
calcifying plants, animals, and microbes. As the ocean warms and acidiﬁes, there is mounting concern that
declining calciﬁcation rates could shift coral reef CaCO3 budgets from net accretion to net dissolution. We quantiﬁed net ecosystem calciﬁcation (NEC) and production (NEP) on Dongsha Atoll, northern South China Sea, over
a 2 week period that included a transient bleaching event. Peak daytime pH on the wide, shallow reef ﬂat during the nonbleaching period was 8.5, signiﬁcantly elevated above that of the surrounding open ocean (8.0–
8.1) as a consequence of daytime NEP (up to 112 mmol C m22 h21). Diurnal-averaged NEC was 390 6 90 mmol
CaCO3 m22 d21, higher than any other coral reef studied to date despite comparable calciﬁer cover (25%) and
relatively high ﬂeshy algal cover (19%). Coral bleaching linked to elevated temperatures signiﬁcantly reduced
daytime NEP by 29 mmol C m22 h21. pH on the reef ﬂat declined by 0.2 units, causing a 40% reduction in NEC
in the absence of pH changes in the surrounding open ocean. Our ﬁndings highlight the interactive relationship between carbonate chemistry of coral reef ecosystems and ecosystem production and calciﬁcation rates,
which are in turn impacted by ocean warming. As open-ocean waters bathing coral reefs warm and acidify
over the 21st century, the health and composition of reef benthic communities will play a major role in determining on-reef conditions that will in turn dictate the ecosystem response to climate change.

1. Introduction
Coral reef ecosystems feed millions of people worldwide, provide shoreline protection, and generate trillions of
dollars annually in tourism revenue [Costanza et al., 2014]. Yet coral reefs are threatened by the rapid acidiﬁcation of the oceans. Since the start of the industrial era, atmospheric CO2 concentrations have increased at rates
€nisch et al., 2012; Zeebe et al., 2016], and more than one
unprecedented for hundreds of millions of years [Ho
quarter of anthropogenic CO2 emissions have already been absorbed into the oceans [Sabine, 2014], driving
21
0
0
down ocean pH and aragonite saturation state (XArag 5 [CO22
3 ][Ca ]/Ksp where Ksp is the apparent solubility
product in seawater), a process known as ocean acidiﬁcation [Doney et al., 2009]. Multiple studies have investigated coral reef calciﬁcation (net ecosystem calciﬁcation, or NEC) with techniques ranging from ﬂow respirometry to inventories of species present and their individual calciﬁcation rates [Odum and Odum, 1955; Kinsey, 1985].
These studies consistently report correlations between NEC and reef-water XArag, and these relationships are
used to forecast when ocean acidiﬁcation will shift reefs from net accretion to net dissolution [Ohde and van
Woesik, 1999; Shamberger et al., 2011; Shaw et al., 2012; Bernstein et al., 2016; Muehllehner et al., 2016]. Multidecade declines of NEC have already been observed on the Great Barrier Reef and attributed primarily to ocean
acidiﬁcation [Silverman et al., 2012, 2014]. Supporting this assertion, Albright et al. [2016] artiﬁcially manipulated
reef-water pH to levels of the preindustrial open ocean and found that NEC increased. If these results are representative of coral reefs worldwide, they imply that ocean acidiﬁcation has already decreased NEC rates, and they
raise concerns that this trend will endure into the next century as open-ocean pH continues to decline.
Such concerns are rooted in the assumption that reef-water pH tracks open-ocean pH. While the chemistry
of open-ocean waters surrounding coral reefs appears to exert at least some inﬂuence on reef-water
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chemistry [DeCarlo et al., 2015b; Yeakel et al., 2015], local benthic community metabolism (calciﬁcation and
production) often drives signiﬁcant changes [Shaw et al., 2012; Cyronak et al., 2014; Shamberger et al., 2014].
NEC represents the balance between calciﬁcation and dissolution, whereas net ecosystem production (NEP)
represents the balance between photosynthesis and respiration
! CaCO3 ;
NEC : Ca21 1CO22
3

(1)

NEP : CO2 1H2 O ! CH2 O1O2

(2)

As a result of community metabolism, the pH of water bathing corals may be higher [Ohde and van Woesik,
1999] or lower [Shamberger et al., 2014] than, and may not respond proportionally to [Cyronak et al., 2014],
the pH of the open ocean. Accurate predictions of coral reef futures therefore require an understanding of
the processes that control rates of community metabolism, reef-water carbonate chemistry, and any feedbacks between the two.
Chemical feedbacks between NEP and NEC are expected based on their relation with the seawater carbonate system. Community metabolism perturbs the carbonate system equilibria
H2 O1CO2 ! H2 CO3 ! H1 1HCO3 2 ! 2H1 1CO22
3 ;

(3)

22
where CO2 (CO22
3 ) is produced from calciﬁcation (photosynthesis) because the removal of CO3 (CO2) shifts
the carbonate system (equation (3)) to the left (right). Therefore, NEC and NEP are potentially linked
because products of one are reactants of the other. This feedback system may have important ramiﬁcations
for the sensitivity of coral reefs to ocean acidiﬁcation. Photosynthesis by seagrass and algae has been proposed as a potential mechanism buffering coral reefs from ocean acidiﬁcation because it removes CO2 from
reef water [Kleypas et al., 2011; Smith et al., 2013; Andersson et al., 2014]. However, the role of this chemical
feedback system in modulating reef-water carbonate chemistry has so far been difﬁcult to isolate because
NEC, NEP, and reef-water pH are usually dominated by diurnal cycles that create strong correlations, but do
not necessarily reﬂect causation [Andersson and Mackenzie, 2011]. Identifying the mechanistic, interactive
links between community metabolism and reef-water carbonate chemistry is key for understanding the
sensitivity of coral reef ecosystems to CO2-driven climate change, including any compounding effects of
ocean warming or changes in benthic community structure or health.

In this study, we investigated the drivers of reef-water carbonate chemistry and the metabolic rates of NEC
and NEP on Dongsha Atoll, a remote coral reef in the northern South China Sea (SCS) (Figure 1). Here relatively high abundances of benthic ﬂora and fauna on a wide and shallow reef ﬂat impose dramatic changes
in reef-water carbonate chemistry. We evaluate potential drivers of NEC, including elevated reef-water pH,
coral community structure, and local oceanographic effects. Further, we tracked the community metabolism
response to a transient, week-long coral bleaching event, which provided a novel opportunity to identify
the sensitivity of reef-water carbonate chemistry, NEC and NEP to changes in community health and function. Overall, we explore potential links between NEC and NEP arising from chemical feedbacks within the
seawater carbonate system, and we consider how changes in benthic community metabolism will modulate
the sensitivity of coral reef ecosystems to future open-ocean acidiﬁcation.

2. Methods
2.1. Study Location and Experimental Design
The SCS is a tropical to subtropical ocean basin extending from the equator to the Tropic of Cancer in the
far western Paciﬁc Ocean (Figure 1). A monsoon climate dominates the wind ﬁeld in this region, with southwesterlies during the wet season from May to October, and northeasterlies during the dry season from
November to April [Wong et al., 2007]. Surface ocean currents follow the wind pattern, with a basin-scale
anticyclonic gyre in summer and a cyclonic gyre in winter [Shaw and Chao, 1994]. Within the centers of
these gyres, high sea surface temperatures (>228C throughout the year) produce a sharply deﬁned pycnocline [Shaw and Chao, 1994; Gawarkiewicz et al., 2004], maintaining strong stratiﬁcation and oligotrophic
surface waters [Wong et al., 2007]. Coral reef ecosystems are abundant in the coastal waters of the South
China Sea, including a portion of the Coral Triangle, the epicenter of coral reef biodiversity. Our study was
conducted on Dongsha Atoll (20.88N, 116.78E), a ring-shaped coral reef ecosystem on the northern SCS
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Figure 1. Map of Dongsha Atoll in the northern South China Sea. (a) Regional map, (b) satellite image of Dongsha Atoll from the Taiwan
National Space Organization, and (c) study location and sampling stations on the eastern margin of the atoll. In Figure 1c, bathymetry data
from Shih et al. [2011] are overlaid on the satellite imagery. Offshore samples were collected at station ED, located 80 km east of the atoll,
and fore reef samples were collected at station E1. Instruments were deployed across the reef ﬂat (Table 1), but the primary location for
reef-water sampling was E5, located 2 km west of the reef crest.

shelf. On the western margin of the atoll is Dongsha Island, which is bordered to the north and south by
5 m deep channels into the large lagoon. Fringing the rest of the atoll is an extensive reef ﬂat that is 1–3 m
deep (Figure 1). Dongsha Atoll is unique in that it lies within the world’s strongest internal waveﬁeld
[St Laurent et al., 2011; Fu et al., 2012; Alford et al., 2015]. Large amplitude internal waves form on tidal frequencies in the Luzon Strait and propagate along the thermocline (70–100 m depth) as soliton depression
waves westward into the northern South China Sea. As the internal waves interact with the shallow topography of the Dongsha Plateau, they transition into a train of elevation waves that bring subthermocline,
nutrient-rich water to the otherwise oligotrophic sea surface [Wang et al., 2007; St Laurent et al., 2011], even
reaching the coral communities of the Dongsha Atoll fore reef at depths of 10 m or less [DeCarlo et al., 2015a].
We quantiﬁed ecosystem production and calciﬁcation rates based on tracking changes in carbonate chemistry
as seawater ﬂows from the open ocean, across the shallow reef ﬂat of Dongsha Atoll. In June 2014, we collected seawater samples both offshore and on the eastern reef ﬂat, while simultaneously characterizing the ﬂow
of water with current proﬁlers. Additional data were collected to describe the benthic cover, and the physical
setting on the reef ﬂat, including photosynthetically active radiation (PAR), temperature, wind speed, and sea
level. The instruments deployed and their roles in the experimental design are listed in Table 1, and the
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Table 1. Experimental Design and Instrument Deployments
Site

Location

Depth (m)

Instruments/Activity

Purpose

ED
E1

20.6998N 117.7218E
20.70088N 116.92528E

1200
25

E2

20.69938N 116.91868E

0.8

Ocean Researcher 3 (OR3) water sampling station
Seafet pH, SBE-37 T/S/O2, SBE-56 thermistors
on buoy at 10 m depth/OR3 water sampling station
SAMI pH, SBE-37 T/S, Seagauge P/Benthic survey

E2.5
E3

20.69928N 116.91638E
20.69918N 116.91408E

0.8
0.7

Benthic survey
Nortek Aquadopp ADP/Benthic survey

E3.5
E4
E4.5
E5

20.69908N 116.91098E
20.69908N 116.90778E
20.69918N 116.90518E
20.69938N 116.90248E

0.7
0.8
0.9
2.0

Benthic survey
Seagauge P/Benthic survey
Benthic survey
Remote Access Sampler (RAS), SAMI pH, SBE-37 T/S,
Nortek Aquadopp ADP, Onset Hobo U26 O2,
Wetlabs ECO-PAR, eKo meteorological
station/Benthic survey

E6

20.69938N 116.89458E

2.6

Seagauge P/Benthic survey

Characterize background oceanic nTA and nDIC
Characterize carbonate chemistry of
source-water to the reef
T/S properties of incoming water to the reef ﬂat
for nTA and nDIC calculations, local sea level
from pressure/describe benthic community
Describe benthic community
Validate assumptions of conservative ﬂow
direction and transport across reef ﬂat
transect/describe benthic community
Describe benthic community
Local sea level from pressure/describe benthic community
Describe benthic community
Collect water samples via RAS for NEC/NEP
calculations, pH to validate TA/DIC collected in RAS,
T/S properties of RAS samples to calculate q, O2 to validate NEP,
ADP to estimate reef water residence time, meteorological
station to estimate CO2 gas exchange rates/describe
benthic community
Local sea level from pressure/describe benthic community

benthic cover of calciﬁers, seagrass, and algae are displayed in Table 2. We also observed a transient coral
bleaching event on the reef ﬂat in late May and early June 2014, in response to a 58C temperature rise over
the course of just 2–3 weeks (Figure S1). Although we did not precisely quantify the extent of bleaching, all of
the massive Porites colonies, which compose 30% of coral cover at station E5, appeared bleached. The
bleaching event lasted less than 2 weeks, after which the coral colonies recovered their pigmentation.
Ecological surveys were conducted at eight stations across the eastern reef ﬂat following a protocol similar
to previously established methods for characterizing benthic cover on coral reefs [Golbuu et al., 2007]. At
each station, 5 3 50 m transect tapes were laid out and the seaﬂoor was photographed every meter along
each tape (0.5 m by 0.5 m image area), for a total of 250 photographs per station. Transects were oriented
N-S (alongshore) and spaced 5 m apart (cross shore). Images were analyzed using Coral Point Count [Kohler
and Gill, 2006] with ﬁve randomly placed points per image identiﬁed to coral genera or benthic substrate
type (Table 2).
Bathymetry surveys were conducted across the reef ﬂat between station E5 and the reef crest. A Reefnet
Sensus Ultra pressure logger recording every 1 s was attached to a lead weight and dragged along the bottom following an E-W (cross shore) transect line. A Garmin 650 logging GPS was attached to a buoy and
maintained above the pressure logger. We synced the depth and location data using the time logs from
both the pressure logger and the GPS. The depth data were adjusted to mean sea level based on the local
sea level at the time of surveying.

Table 2. Benthic Cover on the Eastern Reef Flat of Dongsha Atolla

Site
E2
E2.5
E3
E3.5
E4
E4.5
E5
E6
Mean E2-E5

CCA
(%)

Fleshy
Algae
(%)

Sea
Grass
(%)

Live
Coral
(%)

Acropora
(%)

Pavona
(%)

Porites
(%)

Stylophora
(%)

15
4
1
1
0
0
0
0
3

26
17
8
10
21
34
19
3
19

2
10
38
37
2
13
13
78
16

6
24
27
23
33
16
26
0
22

15
24
35
40
5
41
48
0
29

0
0
0
0
6
9
6
0
3

2
29
6
1
0
17
38
0
14

83
47
59
59
89
33
8
0
53

a
The benthic types are reported as % areal cover, and coral genera are reported as %
of total live coral cover.
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2.2. Carbonate Chemistry
Measurements
Seawater sampling was conducted on the fore reef (station
E1) of Dongsha Atoll in order to
characterize the total alkalinity
(TA) and dissolved inorganic
carbon (DIC) concentrations of
seawater bathing the atoll. During 4–5 June 2014, seawater
samples were collected at 2, 5,
and 10 m depths every 3 h at
station E1 using a Niskin bottle
rosette deployed from the
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Taiwanese vessel Ocean Researcher 3 (OR3). These samples were analyzed for TA, DIC, and salinity. Two
additional surface water samples were collected at E1 from a small boat, one each on 3 and 18 June 2014.
All TA/DIC samples were collected in 300 mL glass bottles and were immediately poisoned with 0.05–
0.1 mL saturated HgCl2 poison. Water samples were stored in the dark at ambient temperature and then
returned to a shore-based laboratory for analysis. DIC was determined by measuring the infrared absorption
of the CO2 released upon the acidiﬁcation of the sample by using an Apollo SciTech model AS-C3 DIC analyzer. TA was determined by an acidimetric Gran titration with an Apollo SciTech model AS-ALK2 alkalinity
titrator. The precisions in the determination of TA and DIC were 62 mmol kg21. Details of the analyses are
given in Guo and Wong [2015]. Salinity samples were collected in 125 mL glass bottles and analyzed with a
Guildline autosal with a precision of 60.003.
On the reef ﬂat, seawater samples were collected over multiple diurnal cycles at station E5 for carbonate chemistry analyses. A McLane Research Labs Remote Access Sampler-500 (RAS) was programmed to collect 450 mL
seawater samples every 2 h in gastight Kynar Luer bags, in which 0.2 mL of saturated HgCl2 poison was added
prior to sampling (see Shamberger et al. [2011] for additional details regarding the application of the RAS for
community metabolism measurements). Two 4 day RAS deployments were conducted, one during the transient bleaching event 3–6 June 2014 and another deployment postbleaching between 10 and 14 June 2014.
Samples collected by the RAS were transferred to 300 mL glass bottles for transportation to the laboratory
where TA and DIC were determined as in the discrete samples collected onboard the ship. Seawater density
corresponding to each RAS sample was calculated with the standard 48-term equation [McDougall et al., 2009],
using temperature and salinity measured with a Seabird SBE-37 MicroCAT mounted on the RAS frame and calibrated against salinity measured in bottle samples. The TA and DIC of RAS samples, combined with temperature and salinity, were also used to calculate seawater pH, XArag, and pCO2 using the program CO2SYS [Lewis
et al., 1998] with the acidity constants of Mehrbach et al. [1973] as reﬁt by Dickson and Millero [1987].
The TA and DIC of our RAS samples were validated by comparison to hand-collected samples and to independent pH measurements. We collected seven discrete samples by opening bottles next to the RAS intake
while the RAS collected samples. The average absolute differences in TA and DIC between the handcollected samples and RAS samples were 11 and 10 mmol kg21, respectively, but with no signiﬁcant biases
(i.e., the mean TA and DIC from RAS samples were not signiﬁcantly different from the bottle samples). In
addition, we measured in situ pH (total scale) with a SAMI pH meter deployed alongside the RAS, and we
used these data to calculate TA from measured DIC and pH, and to calculate DIC from measured TA and pH.
Strong correlations were found between calculated and measured values (for TA, r2 5 0.97 and reduced
major axis (RMA) slope 5 0.93; for DIC, r2 5 0.99 and RMA slope 5 0.95). We used the average absolute differences between measured TA and calculated TA (15 mmol kg21), and between measured DIC and calculated DIC (12 mmol kg21), as conservative estimates for uncertainties of TA and DIC in our RAS samples. While
these uncertainties are several times larger than the analytical precisions, the TA and DIC changes in our
study were large enough to clearly detect metabolic signals (mean absolute differences in TA and DIC
between E1 and E5 were 84 and 133 mmol kg21, respectively).
Using our seawater samples, we quantiﬁed the relative inﬂuences of NEC and NEP on the seawater carbonate system (Figure 2). However, this information alone is insufﬁcient to calculate metabolic rates for comparison to other reef systems. Only by coupling our TA and DIC measurements with estimates of reef water
residence times can we quantify these rates.
2.3. Reef Water Residence Time
We estimated residence time of water ﬂowing over the reef ﬂat under a quasi-Lagrangian framework in which
we traced the trajectories of water parcels across the reef indirectly with current velocity and bathymetry
data. Current velocities were measured every 4 min at station E5 with a Nortek Aquadopp acoustic Doppler
current proﬁler (ADP) (Figure 3). To test whether ﬂow direction and transport (q 5 uh) were conserved across
the reef ﬂat, a second ADP was deployed at station E3, approximately halfway between station E5 and the
reef crest. We found that the major axis of ﬂow direction was consistent within 28 and that transport was
strongly correlated (r2 5 0.84), but was 12% less at E3 compared to E5 (major axis regression slope 5 0.88).
This difference in transport across the reef ﬂat can be explained by assuming that water ﬂows inward toward
the lagoon symmetrically around the ring of the atoll. Transport increases toward the lagoon-ward side of the
reef ﬂat because the perimeter of the inside of the reef ﬂat is less than that of the outside edge of the atoll. We
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calculated the transport at
any location on the reef ﬂat
based on the transport measured at E5 with the following
expression:
qðx Þ5qE5

12; 0002xE5
; (4)
12; 0002x

where q is transport, x is distance in meters from the reef
crest toward the lagoon, qE5 is
transport measured at station
E5, and 12,000 m is the
approximate distance from
the reef crest to the center of
the lagoon. Following this
adjustment to transport across
the reef ﬂat, the mean differFigure 2. The seawater CO2 system as a function of nDIC and nTA. Colors show XArag contours
ence in transport between E5
(calculated at 258C), with white indicating undersaturation (XArag < 1). The vector diagram in
and E3 was <1%. This close
the lower right shows the predicted effects of community metabolic processes on TA and DIC.
agreement allows us to quanThe large white circle shows the seawater composition of the open ocean surrounding Dongsha Atoll, the small open circles show our reef ﬂat (station E5) measurements, and solid black
tify the velocity at any location
lines show examples of the effects of NEC and NEP imposed on the offshore source-water for
on the reef ﬂat based on
various NEC:NEP ratios. A NEC:NEP ratio of 0.87 maintains approximately constant XArag,
water depth and velocity at a
whereas higher ratios decrease XArag and lower ratios increase XArag.
ﬁxed point (station E5). For
each seawater sample collected at station E5, residence time (s) of the sampled water parcel was estimated by
back-tracking in time from E5 to the reef crest using depth-averaged cross-shore current velocity (u) and water
depth (h) across the reef ﬂat (Figure 3). The location x along the reef ﬂat (i.e., distance from the reef crest) of a
water parcel was estimated at any time t by
x ðt Þ5

ðt

uE5 ðtÞ  hE5 ðtÞ
dt;
hðt; x Þ

(5)

0

where x is distance in meters from the reef crest, t is time in seconds, uE5 is the depth-averaged current
velocity (m s21) measured by the ADP at station E5, hE5 is water depth at E5 based on pressure measurements from the ADP, and h(t,x) is the local water depth at time t and location x along the path of each water
parcel traversing the reef ﬂat. In practice, equation (5) must be integrated stepwise from x 5 2020 m (i.e.,
the distance from E5 to the reef crest) backward in time every 4 min (ADP sampling interval) until each
water parcel is traced to the reef crest (Figure 3). With this approach, we calculated the residence time of
each water parcel as the difference between the time that it crossed the reef crest and the time it was sampled by the RAS at station E5. The time-averaged depth of a water parcel is
ðs
 1 hðt; x Þdt;
(6)
h5
s 0
which is calculated following the same stepwise approach described above.
Uncertainty of s for each seawater sample was estimated with a Monte Carlo method, repeating the s calculations
103 times while randomly adding measurement uncertainty in the current velocity (1r 5 0.04 m s21 and assuming a
Gaussian distribution) at each time step, and excluding any water parcels traced into the lagoon (x 5 3000) or that
traversed the reef crest at lowest spring tides when water depth at the reef crest was <30 cm and boulders on parts
of the reef became emergent. This analysis yielded a total of 60 reliable measurements of paired NEC and NEP rates.
2.4. Reef Flat Metabolism
Community metabolic rates were quantiﬁed by combining estimates of reef-water residence time with
measured carbonate chemistry changes. Exploiting the predictable ways in which community metabolism
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Figure 3. Reef water residence time. (a) Current velocities at station E5 during the two RAS deployments: 3–6 June and 10–14 June. The
angle of each wedge indicates the compass direction of water ﬂow, the length of each wedge indicates the relative frequency of currents
ﬂowing in that direction, and the colors on the wedge indicate the distribution of velocities in that direction. During 10–14 June, reef water
was persistently ﬂowing from the ocean toward to the lagoon (i.e., westward) but during 3–6 June, current direction switched between
eastward and westward depending on the tide. (b) Quasi-Lagrangian calculation of reef water residence time. Left: transport (uh)
measured at station E5 over 3.5 h during 10 June (positive westward). Gray error bounds represent measurement uncertainty of the ADP.
Bottom: bathymetry proﬁle across the reef ﬂat. Gray lines represent individual bathymetry transects with 1–3 m resolution. Thick black
line shows mean bathymetry proﬁle in 10 m horizontal bins. The RAS was located 2020 m from the reef crest. Main ﬁgure: seawater parcel
tracing for one sample collected by the RAS on 10 June. Gray lines show the parcel trajectories for each of 100 Monte Carlo simulations.
Tracing the seawater parcel begins with collection at the RAS, at known time and distance from the reef crest. The water parcel is then
traced backward in time until it reaches the reef crest. Uncertainty in the current velocity at each time step imposes variability in parcel trajectories among Monte Carlo simulations. The thick black line shows the mean trajectory averaged across all iterations. The black error bar
shows the 1r uncertainty of residence time for this water parcel.

alters reef water carbonate chemistry (equations (1) and (2)), we can determine NEC and NEP rates by tracking changes in seawater TA and DIC over time [Langdon et al., 2010]. Both TA and DIC are depleted by calciﬁcation, but only DIC is depleted by productivity. These metabolic rates are calculated as follows:
NEC5
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nDICE1 2nDICE5 
hq2NEC2FCO2 ;
s

(8)

where NEC and NEP are in units of mmol CaCO3 m22 h21 and mmol organic carbon m22 h21, respectively,
 is the time-averaged depth of the water parcel, q is seanTA and nDIC are salinity-normalized TA and DIC, h
23
water density (kg m ), s is the residence time of a parcel of water on the reef (h), the factor 2 appears in
the denominator of the NEC equation because two equivalents of TA are removed for each mole of CaCO3
formed, and NEC is subtracted from NEP to account for the depletion (addition) of DIC by the precipitation
(dissolution) of CaCO3. While nTAE5 and nDICE5 were directly measured from RAS samples, nTAE1 and nDICE1
were calculated from the observed salinity/TA and salinity/DIC relationships on the fore reef. FCO2 is the CO2
air-sea gas exchange ﬂux (mmol CO2 m22 h21)
FCO2 5ksqðCO2-water 2CO2-air Þ;
21

(9)
21

21

where k is the gas transfer velocity (m h ), s is the solubility of CO2 in seawater (mmol kg atm ) calculated from temperature and salinity [Weiss, 1974], and CO2-air was assumed to be 400 matm. The CO2 transfer
velocity is calculated with the parameterization of Ho et al. [2006] based on wind speed measured at 6 m
mean altitude on a scaffolding tower constructed at station E5 and adjusted to 10 m altitude wind speed
following the calculations of Johnson [1999], and converted to in situ temperature at salinity 35 following
Wanninkhof [1992]. We estimated uncertainty in NEC and NEP rates by propagating uncertainty of offshore
TA and DIC, reef ﬂat TA and DIC, and s. Mean relative standard deviations of NEC and NEP rates were 29
and 26%, respectively. The DIC-based NEP rates were validated by comparison to dissolved O2-based NEP
rates, following Falter et al. [2008] and using the constants of Garcia and Gordon [1992], Johnson [1999],
Sarmiento and Gruber [2006], Ho et al. [2006], and Turk et al. [2015] (Supporting Information Figure S2).

3. Results
3.1. Open-Ocean Seawater Chemistry
The TA and DIC of each fore reef sample were normalized to salinity 34 (approximately the average offshore
34DICmeasured
measured
salinity) with the equations nTA5 34TA
for comparison to other studies of openSmeasured and nDIC5 Smeasured
ocean carbonate chemistry. nTA and nDIC on the fore reef were 2241 6 6 and 1936 6 7 mmol kg21 (1 r),
respectively. These results are within uncertainty of nTA and nDIC in samples collected at 10–20 m depth at
station ‘‘ED’’ located in the open-ocean 80 km east of Dongsha Atoll (nTA of 2240 6 2 mmol kg21 and nDIC
of 1927 6 3 mmol kg21), and within uncertainty of other published relationships between TA/DIC and salinity for the tropical Paciﬁc Ocean (Lee et al. [2006] relationship predicts nTA of 2239–2243 mmol kg21
between 25 and 308C) and the South China Sea (Guo and Wong [2015] relationship predicts nTA of
2249 6 8 mmol kg21 and nDIC of 1940 6 9 mmol kg21). The consistency between our fore reef, open-ocean,
and published nTA and nDIC values gives us conﬁdence that our nTA and nDIC estimates on the Dongsha
Atoll fore reef are representative of the background oceanic composition and that we can reliably estimate
nTA and nDIC of water ﬂowing onto the reef for times when only salinity, and not TA or DIC, was measured.
3.2. Reef Flat Metabolism
We calculated NEC and NEP based on our nTA and nDIC measurements at station E5, combined with estimates of water residence time on the reef ﬂat. Reef-water residence times varied between 1 and 7 h, nTA
varied between 1754 and 2247 mmol kg21, and nDIC varied between 1229 and 2127 mmol kg21 at station
E5 (Figure 2). NEC and NEP rates also changed throughout the course of a day (Figure 4). Maximum NEC
and NEP rates typically occurred in late afternoon, approximately the same time as maximum O2, pH, and
XArag (Figures 5 and 6). During nighttime, NEC decreased to near zero, but we observed no signiﬁcant net
dissolution, which contrasts with most coral reefs studied to date (Table 3). Conversely, nighttime NEP was
consistently negative (net respiration). NEP rates calculated based on O2 stoichiometry were in close agreement with the carbon-based estimates (Figure S2). Minimum O2, pH, and XArag all occurred shortly before
dawn. Throughout our study, the ranges of NEC and NEP were between 0 and 44 mmol CaCO3 m22 h21,
273 and 112 mmol C m22 h21, and the ranges of seawater chemical properties were O2 0–18 mg L21,
pCO2 76–1520 matm, pH 7.3–8.5, and XArag 1.3–5.6 (Figures 4–6).
The multiday metabolic rate time series were compiled to estimate diurnal-average NEC and NEP for comparison with other coral reef systems worldwide (Table 3). During 10–14 June, persistent westward currents
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Figure 4. Time series of physical and chemical properties, and metabolic rates on the Dongsha Atoll reef ﬂat in June 2014. From top to
bottom: sea level, current speeds (positive westward, negative eastward), PAR, temperature, pH, O2, XArag, NEC, and NEP. For pH and O2,
lighter colors show reef ﬂat measurements at station E5 and darker colors fore reef measurements at station E1. Mean offshore XArag and
its 1r are plotted as the black horizontal line with gray error bound. NEC and NEP are plotted with vertical error bars representing the
uncertainty of the rates and the width of these error bars representing the time over which each measurement represents (i.e., the
residence time). Horizontal dashed lines show 0 rates that separate calciﬁcation from dissolution and photosynthesis from respiration.

allowed us to capture full diurnal cycles. However, during 3–6 June westward ﬂow occurred only during
ﬂood tides, and as a result our metabolic rate measurements only span daylight hours (Figures 5 and S4).
Therefore, we compare rates between 3–6 June and 10–14 June for the overlapping times of day, but we
use only 10–14 June measurements to estimate diurnal-averaged metabolic rates. Mean metabolic rates
were calculated in 2 h bins and integrated over 24 h (Figure 5). This resulted in diurnal-average NEC of
390 6 90 (1 standard error) mmol CaCO3 m22 d21 and NEP of 100 6 300 mmol C m22 d21.
We evaluated the effect of coral bleaching on the community metabolic rates by comparing NEC and NEP
during the bleaching event (3–6 June) to postbleaching (10–14 June). Since our measurements during the
bleaching event only span a portion of the diurnal cycle, we calculated the differences between the measured 3–6 June metabolic rates and the rates expected at the same times of day based on the 10–14 June
diurnal cycle (Figure 5). The residual NEC (27 6 1 mmol CaCO3 m22 h21) and NEP rates (229 6 3 mmol C
m22 h21) were signiﬁcantly (p < 0.05) different from zero, meaning that metabolic rates were reduced during the bleaching event relative to postbleaching. Further, we tested whether the reduced NEC and NEP
rates during bleaching were attributable to any differences in abiotic factors. We found that for any PAR or
temperature level, NEC and NEP rates were lower during bleaching than postbleaching, and multiregression
analysis accounting for the combined inﬂuence of PAR, temperature, current speeds, sea level, and water
depth still produced signiﬁcant effects of bleaching on the metabolic rates (Supporting Information).
NEC and NEP were signiﬁcantly (p < 0.05) positively correlated with both linear and exponential type II
(major axis) regressions (Figure 7). However, investigation of the residuals of the linear regression showed
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Figure 5. Diurnal compilations of (a, c) NEC and (b, d) NEP rates. Dashed horizontal lines indicate 0 rates that separate net calciﬁcation
from dissolution and net photosynthesis from respiration. White and black circles indicate 3–6 June (during bleaching) and 10–14 June
(postbleaching) measurements, respectively. In Figures 5a and 5b, the solid black line and gray shading represent the mean rates 61r in
2 h bins, calculated using only the postbleaching data. (c, d) Measurements during bleaching and postbleaching overlap between approximately 06:00 and 12:30, and over this time the NEC and NEP rates during bleaching are signiﬁcantly reduced (see section 3). Solid black
lines are linear regression ﬁts, and light and dark shading are 95% conﬁdence intervals for during and postbleaching data, respectively. All
points are plotted on the time axis as the midpoint between when the water parcel traversed the reef crest and the sampling time (see
Supporting Information for further details).

Figure 6. Diurnal compilations of seawater (a) XArag, (b) pH, (c) pCO2, and (d) dissolved O2. Open and ﬁlled black circles indicate 3–6 June
(during bleaching) and 10–14 June (postbleaching) measurements, respectively, on the reef ﬂat at station E5, and gray points are openocean measurements from station E1 over the same time period as the reef ﬂat measurements. The reef ﬂat data were derived from RAS
samples and an O2 sensor at E5, open-ocean pH and O2 were measured at E1, and open-ocean XArag and pCO2 were calculated from OR3
samples. XArag and pH are greatly elevated on the reef ﬂat during the day, and in comparison they change relatively little in the surrounding open ocean. These carbonate system parameters follow similar diurnal patterns during and after the bleaching event, but they are all
signiﬁcantly (p < 0.05; two-sample t tests) different during bleaching (pH, XArag, and O2 decreased; pCO2 increased).
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Table 3. Global Compilation of NEC and NEP Rates Measured on Coral Reefs
Study
Kinsey [1985]
Barnes and Lazar [1993]
Gattuso et al. [1993]
Gattuso et al. [1996]
Kraines et al. [1997]
Ohde and van Woesik [1999]
Langdon et al. [2003]
Kayanne et al. [2005]
Langdon and Atkinson [2005]
Yates and Halley [2006]
Silverman et al. [2007]
Andersson et al. [2009]
Bates et al. [2010]
Shamberger et al. [2011]
Falter et al. [2012]
Shaw et al. [2012]
Silverman et al. [2012]
Albright et al. [2013]
McMahon et al. [2013]
Teneva et al. [2013]
Jokiel et al. [2014]
Lantz et al. [2014]
Silverman et al. [2014]
Albright et al. [2015]
Koweek et al. [2015b]
Longhini et al. [2015]
Shaw et al. [2015]
Turk et al. [2015]
Bernstein et al. [2016]
Courtney et al. [2016]
Kwiatkowski et al. [2016]
Muehllehner et al. [2016]
Takeshita et al. [2016]
This study

Location

NEC
(mmol m22 d21)

Red Sea
Moorea
Moorea
Great Barrier Reef (GBR)
Japan
Japan (daytime)
Biosphere-2
Japan
Palau
Hawaii
Hawaii
Red Sea
Hawaii
Bermuda
Hawaii
W Australia
GBR
GBR
GBR
GBR
Palau
Hawaii
Hawaii
GBR (1975–1976)
GBR (2008–2009)
GBR
American Samoa
Brazil
GBR
Florida
Red Sea
Bermuda
GBR
Florida
Palmyra Atoll
Dongsha Atoll

109
163a
243
186b
253b
167–317a
127–312
41
70–127a
74–130a
370–380
27.2 to 3a
24 to 108a
79a
222 to 104
235–293a
190–200b
145a
74–133a
77–166a
58a
33.8a
144a
80a
83–105a
54–61a
104a
216
58–197a
33a
235 to 50a
110
61–64
36a
27 to 17
18–118a
390 6 90b

Max NEP
(mmol m22 h21)
<80
<100
<100
<150
50
18
<50
<100
<100
<80

<80
<150
<40
<63
<75
113

40

61
<70
<30
13
72
<40
23
112

Coral/Calcifier
Cover (%)
100
2–31
2–31
30
0–20
37
3
5.8–7.1
1.4–8.1
100
10–22
20–40
20–30
21
20–30
50–90
40
14–15
17–18
<15
100
10–17
8
8
35
46
5–50
25
25
61
28
18
2–7
30–70
25

Open-Ocean
XArag
4a
3.9
3.9
3.1
3.6
4.47
2.83
3.5
3.9
3
3.5
4
2.8
3.7
3.9
3.6
3.5
3.65
3.1
3.5
3.9
3.5
3.6
3.5
4.06
3.8
3.41
3.7
4.6
3.7
3.65
3.7
3.9
3.4

Reef Type/Method
Literature review
Fringing reef, Lagrangian method
Barrier reef, Lagrangian method
Barrier reef, Lagrangian method
Barrier reef, Lagrangian method
Reef ﬂat and lagoon, quasi-Lagrangian
Reef ﬂat and lagoon, slack-tide method
Mesocosm
Barrier reef ﬂat, quasi-Lagrangian
Barrier reef ﬂat, quasi-Lagrangian
Mesocosm
Mesocosm/enclosure
Fringing reef, Eulerian
Mesocosm
Barrier reef and lagoon
Barrier reef ﬂat, quasi-Lagrangian
Reef ﬂat, Eulerian
Reef ﬂat and lagoon, slack-tide method
Reef ﬂat and lagoon, slack-tide method
Reef ﬂat, Lagrangian
Lagoon, slack-tide method
Backreef, control volume
Mesocosm
Reef ﬂat, quasi-Lagrangian
Reef ﬂat, quasi-Lagrangian
Reef ﬂat, quasi-Lagrangian
Reef ﬂat, Lagrangian
Lagoon pools, quasi-Lagrangian
Reef ﬂat, slack-tide method
Reef ﬂat, slack-tide method
Mesocosm/enclosure
Reef ﬂat, Eularian
Rim reef, census and chemical
Reef ﬂat, slack-tide method
Patch Reefs, Be-7 method
Back reef, benthic gradient ﬂux method
Reef ﬂat, quasi-Lagrangian

a

Indicates nighttime net dissolution occurred.
Indicates nighttime net dissolution did not occur. Ocean XArag is from data presented in each study, if offshore (i.e., open-ocean) samples were collected. For studies without offshore sampling, XArag values were calculated from climatology and are displayed in italics. Climatological XArag was derived for the nearest 18 by 18 grid box with temperature, salinity,
nitrate, phosphate, and silicate climatologies from World Ocean Atlas [Levitus, 2010] and the DIC climatology of Key et al. [2004]. TA was calculated from temperature and salinity with
open-ocean relationships [Lee et al., 2006], and XArag was calculated using the program CO2SYS [Lewis et al., 1998] and the acidity constants of [Mehrbach et al., 1973] reﬁt by [Dickson
and Millero, 1987]. Koweek et al. [2015a] also measured NEC on Palmyra Atoll with Lagrangian and Eulerian methods, but because the reported uncertainties are generally larger than
the NEC signals, and the overlapping Lagrangian and Eulerian measurements differ by a factor of more than 2, it is difﬁcult to estimate the diurnal-average NEC rate.
b

clear structure and the NEC residuals were signiﬁcantly correlated with NEP using a second-order polynomial, whereas NEC residuals of the exponential regression showed no clear structure and produced no signiﬁcant correlation with NEP. The best ﬁt equation (62 r) was
NEC5e0:016ð0:003ÞNEP12:3ð0:1Þ ; ðr2 50:83; p < 0:01Þ;

(10)

where NEC and NEP are in units of mmol CaCO3 m22 h21 and mmol C m22 h21, respectively. There was no
signiﬁcant difference in the NEC to NEP relationship during and postbleaching (Figures 7, S5, and S6).

4. Discussion
4.1. Interaction Between Carbonate Chemistry and Community Metabolism
Anthropogenic CO2 emissions are forecast to drive changes in pH and XArag of 0.3 and 1.5 units, respectively, in surface waters of the tropical oceans by the end of the 21st century. These waters bath coral reefs, and
the changes driven by ocean acidiﬁcation are projected to cause declines in ecosystem calciﬁcation rates
[Shamberger et al., 2011; Shaw et al., 2012; Bernstein et al., 2016]. Yet these projections do not account for
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the potentially compounding
effects of ocean warming or
the processes that differentiate reef-water and openocean chemistry. Predicting
the sensitivity of coral reef
ecosystems to CO2-driven climate changes requires an
understanding of the interactions between open-ocean
acidiﬁcation and the processes driving carbonate system
changes in reef waters.
As open-ocean seawater
ﬂows onto coral reefs, benthic
communities alter its carbonFigure 7. Interactive relationship between NEC, NEP, and XArag. Triangles and circles indicate
ate chemistry. The reef ﬂat of
3–6 June (bleaching) and 10–14 June (postbleaching) measurements, respectively, and colors
show XArag at station E5. Solid black line is exponential ﬁt between NEC and NEP. Theoretical
Dongsha Atoll is shallow (1–
vector in lower right shows the slope between NEC and NEP (0.87) that maintains an approxi3 m), wide (3 km), and has
mately constant XArag. Greater slopes decrease XArag and lesser slopes increase XArag. The
high live benthic cover (61%
exponential curve is increasing in slope at higher NEP, but is always less than the 0.87 critical
value, and thus the highest XArag values correspond to the highest NEC and NEP rates. The
combined coral, algae, and
dashed black line shows a linear ﬁt between NEC and NEP for only daylight hours (NEC:NEP is
seagrass). TA and DIC ﬂuxes
0.35) and extrapolated to all hours of the day, showing that net dissolution would be expected
are imposed by most of the
during night based on the daytime relationship. Even though respiration drives down XArag to
<2 during nighttime, net dissolution did not occur. The 10–14 June data cover full diurnal
benthic area (high living covcycles, but the 3–6 June data cover only 06:00 to 12:30. Thus, while this ﬁgure shows that the
er), chemical changes accurelationship between NEC and NEP is maintained during bleaching, it cannot be used to
mulate rapidly in the shallow
interpret changes in diurnal-average NEC and NEP rates. See Supporting Information for comparisons of NEC and NEP between 3–6 June and 10–14 June only during the common hours of
water column, and these
day.
changes are integrated as
seawater traverses the wide
reef ﬂat. On the Dongsha reef ﬂat at station E5, TA and DIC depletions relative to the surrounding open ocean
were as high as 481 and 707 mmol kg21, respectively (Figure 2), greater than those measured in water ﬂowing
across other coral reefs with similar residence times and bathymetry [Shamberger et al., 2011; Shaw et al., 2014;
Silverman et al., 2014].
Due to these changes in reef-water chemistry, calciﬁers on the Dongsha reef ﬂat build their shells and skeletons in seawater with elevated pH and XArag. The vast majority of NEC (80%) occurs during daytime, when
reef-water pH and XArag reach as high as 8.5 and 5.5, respectively, compared to 8.0 and 3.4 in the surrounding open ocean (Figure 6). Under these conditions, the diurnal-average NEC rate on Dongsha Atoll
was greater than that measured for other coral communities studied to date (Table 3 and Figure 8). On average worldwide, reef ﬂat NEC rates are 110–130 mmol CaCO3 m22 d21 [Kinsey, 1985; Atkinson, 2011], and
the highest diurnal-average NEC rate previously measured in the ﬁeld was 290 mmol CaCO3 m22 d21
[Shamberger et al., 2011]. Conversely, we measured diurnal-average NEC of 390 mmol CaCO3 m22 d21 on
the Dongsha reef ﬂat. Although our measurements do not capture seasonal changes, the June NEC rate on
Dongsha Atoll is uniquely high relative to all seasons on other coral reefs, and this is not explained by calciﬁer cover or coral community structure. The calciﬁer cover on the Dongsha reef ﬂat (25%) is similar to other
reefs where NEC has been measured (Table 3 and Figure 8), and even though community structure data are
not available for most metabolism studies, the relatively high abundance of fast-growing Acropora and Stylophora [Dullo, 2005] on Dongsha is similar to that of other reefs with lower NEC rates [e.g., Gattuso et al.,
1996]. It is possible that the high NEC rates were a result of exceptional metabolism during the recovery
from the coral bleaching event, but more studies of community metabolism before, during, and after
bleaching events are needed to evaluate this hypothesis. Another possibility is that large internal waves colliding with the atoll deliver nutrient-rich waters that stimulate rapid metabolism [DeCarlo et al., 2015a]. Nevertheless, our ﬁndings of extremely high NEC on Dongsha Atoll contrast with the paradigm that healthy
coral reefs with favorable conditions for calciﬁcation have low algal cover and high open-ocean XArag
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Figure 8. Global compilation of coral reef diurnal-average NEC rates plotted as functions of open-ocean XArag and % calciﬁer cover.
Despite relatively low open-ocean XArag and comparable calciﬁer cover, NEC rates on Dongsha Atoll are signiﬁcantly higher than those of
all other reef systems studied to date. The data sources are tabulated in Table 3.

[Hoegh-Guldberg et al., 2007]. Rather, the benthic cover of ﬂeshy algae on the Dongsha reef ﬂat is relatively
high (19%) compared to most Indo-Paciﬁc reefs [Bruno et al., 2009; Roff and Mumby, 2012], and the openocean XArag (3.4) in the northern South China Sea is near the minimum associated with most tropical coral
reefs today [Hoegh-Guldberg et al., 2007].
Daytime photosynthesis plays a key role in sustaining chemical conditions favorable for rapid calciﬁcation
on the Dongsha reef ﬂat. The NEC rates are so high that they alone would drive daytime XArag toward saturation (XArag 5 1), and sometimes even below (Figure 9). We observed the opposite response, however,
with daytime XArag rising to greater than 5 on the reef at the same time of day as the most rapid NEC (Figures 4–6). This is explained by the effect of NEP on the seawater carbonate system. Using our diurnal measurements of coupled TA and DIC changes, we isolated the effects of NEC and NEP on reef-water carbonate
chemistry. Our analysis indicates that daytime [CO22
3 ] is elevated eightfold under the combined effects of
NEC and NEP compared to the isolated effect of NEC (Figure 9). NEP removes CO2 from reef water, preventing aragonite under-saturation (XArag < 1) that would favor dissolution over calciﬁcation. Correlations
between NEC and NEP are a common feature both within [Shaw et al., 2012; Albright et al., 2015; Koweek
et al., 2015b], and among [Gattuso et al., 1999], coral reef communities. Likewise, we observed this link on
Dongsha Atoll, where it is maintained even at extremely high NEC and NEP rates (Figure 7). These results
highlight the important function of primary producers in modulating carbonate chemistry of coral reef
waters.
Community metabolism on Dongsha Atoll is also unique in that NEC increases exponentially, rather than linearly, with increasing NEP (Figure 7). Related to this exponential relationship, we found that NEC decreases
to near zero at night but we found no signiﬁcant net dissolution, which is rare among coral reef community

Figure 9. (a) Schematic diagram showing that NEP elevates [CO22
3 ], which is consumed by NEC. In turn, NEC elevates CO2, which is consumed by NEP. (b) Daytime proﬁle of calculated reef-water [CO22
3 ] with isolated and combined effects of NEC and NEP. The calculations
were performed for a 1 m water column with residence time on the reef ﬂat from dawn to dusk. Thus, the differences between curves
show effects of community metabolism and are not dependent upon residence times. The black curve is the calculated effect of NEC and
NEP, the red curve shows the [CO22
3 ] proﬁle with the isolated effect of NEC, and the gray curve shows the combined effects of NEC and
NEP during the bleaching event (when NEC and NEP were reduced by 7 and 29 mmol m22 h21, respectively). The isolated effect of NEC
22
on [CO3 ] is so strong that it alone would drive XArag to under-saturation (light red shading).
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metabolism studies (Table 3). In fact, the lack of nighttime dissolution is partly responsible for the uniquely
high NEC rates on Dongsha Atoll (Figure 7), as diurnal-average NEC on most other reefs is a balance
between net calciﬁcation during the day and net dissolution at night. Because our data reveal only the net
rates, we cannot determine if dissolution is entirely absent on the reef ﬂat or if nighttime dissolution is balanced by nighttime calciﬁcation. Identifying the factors that inﬂuence dissolution is thus a key question in
understanding net CaCO3 production on Dongsha Atoll, and in coral reef ecosystems generally. Future studies of coral reef community metabolism may beneﬁt by combining methods similar to ours for the net rates
with techniques to quantify certain components of the metabolic signals, such as by using benthic ﬂux
chambers to measure dissolution in sediments [Andersson and Gledhill, 2013; Cyronak et al., 2013].
4.2. Effects of Bleaching on Community Metabolism
The role that the benthic community plays in modulating carbonate chemistry of reef water is further evident from changes in community metabolism associated with thermal stress. Anomalously high, or rapidly
increasing, temperature can induce coral bleaching, the loss of the symbiotic algae from the coral holobiont
[Glynn, 1993]. Coral mortality following bleaching has been shown to reduce NEC rates [Kayanne et al.,
2005], but no data exist to evaluate changes in community metabolism during a bleaching event. On Dongsha Atoll, reef-water temperature increased by 58C in less than 3 weeks during May 2014, and by the beginning of June most of the massive corals had bleached (Figure S1). As reef waters cooled, bleaching
subsided and corals regained their symbiotic algae populations by mid-June.
During the transient bleaching event, NEP decreased by 29 mmol m22 h21 and NEC decreased by 7 mmol
m22 h21, a 40% reduction compared to the nonbleaching measurements (Figure 5). Yet bleaching is not
the only possible explanation for these changes. Rates of community metabolism are naturally variable and
the percent differences between bleaching and nonbleaching periods that we observed are within the
range of natural variability recorded on weekly timescales [e.g., Shamberger et al., 2011]. Further, mean current velocities during the bleaching event were approximately 50% lower compared to the nonbleaching
period (Figure 4), and this could have affected the rates of community metabolism. Nevertheless, using
multiple-regression analysis with our suite of physical measurements, we found that abiotic factors, including temperature, light, sea level, and current speed, were unable to account for the changes in metabolism
(Supporting Information), leaving bleaching as a likely driver. Mean reef-water pH and XArag also declined
on average by 0.2 and 0.8 units, respectively, during bleaching (Figure 6). Reef-water chemistry is directly
related to the rates of metabolism and to the residence time of water on the reef. Therefore, these changes
in carbonate chemistry cannot be ascribed solely to changes in metabolism because the residence time of
water on the reef was, on average, twice as long during the bleaching period relative to the nonbleaching
period. To illustrate how the changes in metabolism alone would affect reef-water chemistry, we calculated
the inﬂuence of metabolism on a parcel of water residing on the reef from dawn to dusk under the
observed NEC and NEP rates during the bleaching and nonbleaching periods (Figure 9). This analysis shows
that bleaching-induced changes in metabolism, primarily the reductions in NEP, were sufﬁcient to reduce
maximum daytime [CO22
3 ] by 40%. These effects, which occurred in less than 2 weeks and are comparable
to changes predicted for the open ocean by the year 2100 [Feely et al., 2009], further highlight that variations in community structure or health strongly modulate reef-water carbonate chemistry.
The tight relationship between NEC and NEP rates was maintained during bleaching and postbleaching
(Figure 7), even though the rates were lower during the bleaching event (Figure 5). Several possibilities exist
to explain how thermal stress affects NEC and NEP rates together, without decoupling them. If photosynthesis by the symbiotic algae within coral colonies constitutes a signiﬁcant proportion of the total NEP rate,
then the expulsion of these algae from bleached coral colonies could decrease NEP directly. The simultaneous response of NEC may be due to some combination of increasing seawater CO2 concentrations and
direct energetic stress imposed on corals by the loss of their symbionts [Cohen and Holcomb, 2009]. Alternatively, symbiont photosynthesis may not contribute substantially to the NEP rates. If this is the case, then
the bleaching event potentially reduced NEC directly by perturbing the coral-algal symbiosis, and/or NEP
directly by thermal stress on seagrass or ﬂeshy algae [Campbell et al., 2006]. Because our metabolic rate
data do not identify the relative contributions of various organisms, we cannot determine whether the link
between NEC and NEP is established at the organismal level (i.e., the link is driven by the coral-algal symbiosis) or the community level (i.e., the link is driven by interactions between calciﬁers and photosynthesizers
and is mediated by the seawater carbonate system). Yet whichever is the dominant mechanism, a reduction
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in one of the metabolic rates is clearly associated with a reduction in the other (Figures 5 and 7), indicating
that they are inextricably linked.
4.3. Implications for Coral Reef Resilience to Ocean Acidification and Warming
A worldwide search is underway to locate the coral reef ecosystems most likely to withstand the effects of
climate change into the next century [Castillo et al., 2012; Karnauskas and Cohen, 2012; van Hooidonk et al.,
2013; Shamberger et al., 2014; DeCarlo et al., 2015a]. Our ﬁndings imply that anthropogenic CO2-driven
changes in open-ocean chemistry will not necessarily translate directly to changes in reef-water chemistry.
Decreases in open-ocean pH and XArag projected by the end of this century (0.3 and 1.5, respectively)
[Feely et al., 2009] are less than the daytime elevation of pH and XArag driven by productivity on Dongsha
Atoll. While ocean acidiﬁcation poses a major threat to coral reef ecosystems, it will not be the sole driver of
reef-water carbonate chemistry, nor will it affect all coral reefs equally. Feedbacks between community
metabolism and reef-water carbonate chemistry may inﬂuence the sensitivity of coral reef ecosystems to
acidiﬁcation of the open ocean, and reefs with high rates of photosynthesis to remove CO2 from seawater
may be the most likely to sustain conditions favorable for rapid calciﬁcation. Yet the capacity of benthic
communities to modulate reef-water chemistry depends on community structure and health, which are
sensitive to thermal stress. By the end of this century, temperatures on more than 80% of the world’s reefs
are projected to exceed coral bleaching thresholds annually [van Hooidonk et al., 2013]. Ocean warming
therefore poses an inescapable threat to the metabolic performance of coral reef ecosystems, one that benthic communities cannot buffer.
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